We have used two different cultured cell lines-S49 lymphoma cells and BC3H-1 muscle cellsto examine the regulation of /3-adrenergic receptors by receptor antagonists. Rather than an increase ("up-regulation") of receptor number that such antagonists often produce, we found that certain /3-blockers elicit a decrease ("down-regulation") of beta-adrenergic receptors. 
9
When administered at low concentrations, antagonists are generally believed to have no effect other than competitive blockade of agonist occupation of the receptor. As described herein, we and others 10 -12 have recently obtained results that do not conform to this axiom. Certain /3-blockers can be shown to decrease /J-adrenergic receptor number. In this report, we document some of the characteristics of this phenomenon of /J-blocker-induced receptor downregulation elicited by two drugs, alprenolol and propranolol. The accompanying manuscript by DeBlasi et al 13 documents a similar or identical phenomenon as expressed by acute exposure of cells to two different ^-blockers, bopindolol and tertatolol.
Materials and Methods

Materials
The following drugs were received as generous gifts: phentolamine mesylate from CIBA-Geigy Corporation, Summit, New Jersey; (-)-cyanopindolol (CYP) from Dr. G. Engel, Sandoz Pharmaceuticals, East Hanover, New Jersey; ( -)-propranolol and (+ )-propranolol from Ayerst Research Laboratories, New York. Octanol was purchased from Sigma Chemical, St. Louis, Missouri. Carrier-free Na[ 123 I] (>350 mCi/ml) and cyclic [2, H]AMP (30 Ci/mmol) and [ 3 H]prazosin (81 Ci/mmole) were obtained from Du Pont/New England Nuclear, Boston, Massachusetts. Dulbecco's Modified Eagle's Medium (DMEM) and fetal calf serum were obtained from Grand Island Biological Company, Grand Island, New York, and 0.25% sterile trypsin solution from Irvine Scientific, Santa Ana, California. Flasks and dishes were manufactured by Falcon.
Cell Culture
The BC3H-1 nonfusing muscle cells used in this study have been described previously.
14 - 16 The cells were routinely grown in T-flasks in DMEM supplemented with 10% (vol/vol) fetal calf serum and maintained at 37° C in a humidified atmosphere of 10% CO 2 in air. The cells were subcultured at 3-day intervals, using trypsin to dissociate them from the plastic substrate. For experimental purposes, unless indicated otherwise, approximately 1.5x10* cells were seeded into 150-mm diameter culture dishes containing 25 ml of culture medium. From this starting density, the cells reached confluence within 2-4 days. Wild-type and cyc"S49 murine lymphoma cells were grown in suspension culture as described previously.
17 S49 cells were used only when growing logarithmically and when viability (determined by exclusion of trypan blue) was ^80%. cyc"S49 Lymphoma cells are cells that possess /3-adrenergic receptors but lack the messenger RNA and gene product of the a-subunit of G,, the stimulatory guanine nucleotide-binding protein. 18 16 
Incubation of Cells With Antagonists
Antagonists were added to the growth medium of BC3H-1 cells that had just reached confluence or to S49 cells at a density of 0.5-0.8 x 10 6 cells/ml. After 16-20 hours of incubation, the cells were washed free of antagonist. In the case of BC3H-1 cells, the cells were washed four times at 37° C in situ on the dish with DMEM containing 20 mM, 4-(2-hydroxyethyl)-l-piperazine ethanesulfonic acid (HEPES), pH 7.4, and 1 mg/ml bovine serum albumin (Fraction V from Sigma). S49 cells were washed four times by centrifugation in 37° C DMEM containing 10% horse serum. Radioligand binding experiments were carried out as described below.
Radioligand Binding Assays
A crude membrane preparation of BC3H-1 cells, free of nuclei, was prepared as described previously. 1316 The BC3H-1 membranes, suspended in 50 mM Tris-HCl (pH 7.6) and 10 mM MgCl 2 , were incubated in a final volume of 0. 25 
Cyclic AMP Accumulation
Cyclic AMP accumulation in intact S49 cells was assessed by incubation of cells with 1 pM forskolin or 1 /iM ( -)-isoproterenol for 15 minutes, with assay of cellular cyclic AMP levels as described previously. 23 
Data Analysis
For Scatchard analyses of equilibrium binding data, total binding at each concentration of radioligand was determined in triplicate and nonspecific binding in duplicate. Linear regression analyses were carried out for all estimates of nonspecific binding since these varied linearly over the range of radioligand concentrations tested. Specific binding at each concentration of radioligand was then calculated from the difference between the mean of the values for total binding and the value for nonspe- All experimental protocols were replicated as indicated in the figure legends and yielded similar results on each execution. Unless stated otherwise, representative data are presented. Individual data points generally varied less than 10% away from the mean. Error bars have been omitted from some figures for the sake of clarity, but where these are shown, they indicate the standard error of the mean.
Protein Determination
Protein was determined by the method of Peterson, 24 employing log-log transformation to yield a linear standard curve. 25 Bovine serum albumin, containing sodium azide (1 mg/ml) as a noninterfering bactericide, was employed for standards.
Results
Antagonist Down-Regulation of fa-Adrenergic Receptors
BC3H-1 muscle and S49 lymphoma cells both contain a pure population of /^-adrenergic receptors. 1522 In initial studies, these cell types were incubated for [16] [17] [18] [19] [20] Scatchard analysis of these data divided the antagonists into two groups: those that had no effect on receptor number (sotalol and ICI118,551) and those that elicited a substantial (20-80%) decrease in receptor number (alprenolol and propranolol).
The dose-and time-dependency for the antagonist down-regulation effect was investigated, fcAdrenergic receptor number was measured in BC3H-1 membranes following a 16-hour incubation of cells with 3-100 nM (-)-alprenolol. Alprenolol produced a dose-dependent decrease in the concentration of ft-adrenergic receptors in both S49 and BC3H-1 cells (Table 1 ). The approximate ICJO for this effect appears to be around 10 nM. This value is approximately one order of magnitude higher than the typical K, value that alprenolol demonstrates when acting as a competitive inhibitor of /3-adrenergic receptors.
2627 /3-Adrenergic receptors in membranes prepared from BC3H-1 cells that had been incubated with alprenolol had a decreased affinity for [ 
Specificity of Antagonist-Mediated Down-Regulation of ^-Adrenergic Receptors
The water/octanol partition coefficients of the four adrenergic antagonists used in this study were measured in order to determine whether the ability of /3-antagonists to decrease ft-adrenergic receptor number was related to hydrophobicity of the drugs (Table 2) . Since ICI 118,551 was equally as hydrophobic as alprenolol, and yet unlike alprenolol did not elicit receptor loss (Figures 1 and 2) , hydrophobicity does not appear likely to be a critical factor in the ability of a /3-blocker to elicit the decrease in /3-adrenergic receptor number that we describe.
Evidence that receptor occupancy is an absolute requirement for antagonist-mediated down-regulation was provided by several types of experiments. The effect of propranolol to decrease ft-adrenergic receptor number was expressed in a stereoselective manner. BC3H-1 cells were incubated for 16 hours in 
FIGURE 3. Kinetics of antagonist-mediated downregulation of ^-receptors in S49 cells. S49 cells were incubated in growth medium containing 100 nM (-)-alprenolol (•-*) or 100 nM (-)-propranolol (*~*)for the indicated lengths of time. The cells were washed and receptor density was estimated by measuring binding of 0.2 nM [ I25 I]ICYP. The data shown is the mean±SEM of three experiments.
growth medium containing 100 nM ( + )-or ( -) -propranolol. The ft-adrenergic receptor concentration in membranes prepared from these cells was reduced 20% by 100 nM of the (+ )-enantiomer and 60% (/?<0.02) by the ( -)-enantiomer of propranolol ( Figure 4 ). We also examined the stereoselectivity of the effect of propranolol in studies with S49 cells. S49 cells were incubated for 20 hours in growth medium containing 50 nM ( -) -or ( + )-propranolol. After the cells were washed to remove the propranolol isomers, we quantitated the number of cellular /3-receptors and the ability of 1 ^.M (-Hsoproterenol to elevate intracellular cyclic AMP. Preincubation of S49 cells with 50 nM ( -)-propranolol decreased both ft-receptor concentration and isoproterenol-stimulated cyclic AMP accumulation 40% more than did the ( + )-isomer of propranolol, which itself did not diminish either /3-receptor concentration or /J-mediated cyclic AMP accumulation ( Table 3) .
The receptor specificity of this antagonist-mediated loss of ^-receptors was demonstrated by assessing the effects of antagonists on other related membrane proteins. Incubation of BC3H-1 cells with 100 nM ( -)-propranolol which decreased /3-receptors 60% (Figure 4) , elicited a small but not statistically significant change in a,-adrenergic receptor number ( Figure 5 ). In addition, incubation of S49 cells with 50 nM (-)-propranolol failed to decrease forskolinstimulated cyclic AMP accumulation, whereas isoproterenol-stimulated cyclic AMP accumulation was markedly decreased under these conditions (Table 3) . Thus, we conclude that the loss of re- Partition coefficients were determined by dissolving 100 pM drug in 50 mM sodium phosphate buffer, pH 7.0, and measuring the concentration of drug in the aqueous solution before and after shaking with an equal volume of octanol. ceptors induced by /3-adrenergic antagonists is specific for /J-adrenergic receptors and is not a result of a nonspecific, general perturbation of cell membranes. Further evidence for a specific site of action of the /3-blockers in inducing receptor down-regulation is that the ft-receptor antagonist ICI 118,551, which fails to elicit receptor down-regulation, was able to block the alprenolol-mediated decrease in receptor number in S49 cells ( Figure 6 ). In addition, cyc-S49 cells, which possess /3-adrenergic receptors but lack the a-subunit of the guanine nucleotide-binding regulatory protein of G,, failed to show an alprenololinduced decrease in receptor number ( Figure 6 ).
Discussion
We have found that certain adrenergic antagonists (alprenolol and propranolol), but not others (sotalol and ICI 118,551), decrease the concentrations of /J-adrenergic receptors in both BC3H-1 muscle and S49 lymphoma cells. This phenomenon of antagonist-induced decrease in /3-receptor concentration displays the following characteristics: dose-dependency, several hour kinetics, stereoselectivity [(-)>( + )], specificity for /3-receptors, requirement for the a-subunit of the guanine nucleotide-binding regulatory protein, G,, and a lack of correlation with hydrophobicity of the antagonist.
The finding that alprenolol and propranolol decrease /3-adrenergic receptor concentration is contrary to many experimental and clinical findings, where chronic exposure of animals and patients to these drugs has been shown to increase the number of /3-adrenergic receptors. 5 -8 -28 This increase in the number of ^-adrenergic receptors may be explained as the result of blocking tonic down-regulation induced by ambient levels of agonist. 8 - 29 Nevertheless, scattered reports in the literature have described decreases in ^-receptor number following treatment with /3-blockers. These reports include those documenting the effect of /3-blockers to decrease /3-adrenergic receptor number in cardiac tissue of spontaneously hypertensive rats, 10 and in human lymphocytes. 11123031 Our results, using cultured muscle and lymphoma cells, suggest that antagonistmediated down-regulation might occur with a variety of cell types and /3-blockers. The phenomenon that we observed with propranolol and alprenolol appears to require a longer period of incubation with target cells than does the rapidly occurring decrease in receptor number observed with tertatolol and bopindolol. 12 We speculate that certain /3-blockers, such as propranolol, have offsetting effects in vivo, that is, a decrease in ^-adrenergic receptor number in the manner we have described and an increase in /3-adrenergic receptor number caused by blocking a tonic down-regulation of receptors produced by neuronal and circulatory catecholamines. If this hypothesis is correct, then sotalol or ICI 118,551 should elicit a greater up-regulation in /3-receptor number in vivo than does either propranolol or alprenolol.
The mechanism whereby propranolol and alprenolol decrease /3-receptor number is not known. One possible mechanism is through long-lived occupation of the receptor. However, the calculated dissociation rate constant for ( -)-propranolol on S49 cells (1.0/min at 37° C) 32 corresponds to a half-life of receptor occupancy of 0.7 minute, a time that would be incompatible with long-lived occupation of the receptor by this drug. Since effective concentrations of /3-blockers that elicit decreases in 0-adrenergic receptor number are many times greater than those that cause half-maximal occupation of receptors, this disparity in effective concentrations argues against a receptor-mediated mechanism. However, other observations, such as stereoselectivity, blockade of down-regulation by ICI 118,551, requirement for the guanine nucleotide-binding protein (GJ, failure to alter a,-adrenergic receptor concentration and effects on cyclic AMP accumulation argue in favor of a receptor-mediated mechanism. Neither alprenolol nor propranolol, in the 1-100 nM range, measurably elevates intracellular cyclic AMP levels in S49 cells 26 (data not shown), making it unlikely that the down-regulation is mediated by elevated levels of cyclic AMP in these cells.
Propranolol and alprenolol are known 33 to exhibit "membrane stabilizing activity." Such activity comprises many diverse effects, including local anesthetic-like properties, ability to protect red blood cells from hemolysis, and inhibition of serotonin uptake and release by platelets, and appears to be related to the ability of some /3-blockers to perturb membrane structure. 34 However, all such effects have been reported to require antagonist concentrations of at least micromolar concentrations and are not stereoselective. 33 -33 In contrast, the decrease in receptor number that we observed following overnight incubation of cells with propranolol and alprenolol requires concentrations of these drugs in the 1-100 nM range, exhibits stereoselectivity, and is prevented by other /3-blockers that do not exhibit this effect. The requirement for functional G, for the antagonist-induced /3-adrenergic receptor downregulation is perhaps the most compelling evidence for a specific mechanism for this phenomenon. How this requirement for G, contributes to antagonist-induced receptor loss is unknown. Nevertheless, it does point to some kind of functional interaction between the receptor and G,, driven by antagonist, that causes the receptor loss. This in turn suggests that certain antagonists may be able to induce a conformational change in receptors that in some way mimics that induced by agonists. This action would suggest that antagonists are able to drive some of the responses to receptor occupation that have hitherto been ascribed solely to agonists.
In contrast to our observations, Reynolds and Molinoff 36 observed no down-regulation of /3-adrenergic receptors in S49 cells by propranolol, which in their hands was able to prevent the down-regulation induced by another /3-blocker, pindolol. We are unable to explain this discrepancy between our results and those of Reynolds and Molinoff, 36 although differences in batches of cells, sera, or other technical considerations may have contributed to the different results.
The concentrations of alprenolol and propranolol that we found to be effective in decreasing /3-adrenergic receptor number are similar to those achieved clinically in patients receiving these drugs. 37 Thus, it is conceivable that some /3-adrenergic receptor antagonists can alter response to endogenous catecholamines by at least two mechanisms: a rapidly appearing competitive blockade and a decrease in 0-adrenergic receptor number that we describe here. It should prove of interest to assess effects of other /J-adrenergic antagonists and other target cells for the frequency with which this latter phenomenon occurs. Depending on the particular 0-blocker, this decrease in /3-adrenergic receptor number may be nonexistent, rapid 12 or slowly appearing, as described in this report.
